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Interspecies Variability in Propylene Glycol
Dinitrate-Induced Methemoglobin Formation'

* 2
J. F. WYMAN. B. H. GRAY. L. Hi. LEE. J. COLEMAN, C. FLEMMING.* AND D. E. UDDIN

Naval Al edical Research Inslif oe/Ti xvicology' Deiachmnent. W rig/ir-Patt'rson Air F-orce Base.

Ohio 45433-65035: and *70.ic 1hazards Rese'archi Unit. Univerviii' of ('ab/ormna, Irvine
Overlook Branch. P.O. Box 31009, Dailon. Ohio 45431-0009

Recei ved .\oventher 9, 19S4: accepled July 3. 1985

Interspecies \'ariabilit% in Propylene Glkcol Dinitrate-Induced Methemoglohin Formation.
Wsi'.J. F.GRAY. B. H.. LEE. L. H.. COLEMAN. J.. FLEMMING. C.. AND UDDIN. D. E. (1985).

1"OVio/ .-ppI. Pharmacol. 81, 203-212. Interspecies variability of propylene glycol dinitrate
0 D)N I-induced methemoglobin formation was studied in vitro employing erythrocytes from

firseparate spe.cies. 'The net raw t mtmooinoraonwsinicnlydi ti~et among
species with dog > guinea pig -rat -human. [This order ot sLuscepti bi lit~ was mnaintained tin
strorna-free henloltsates. indicating that interspecies \ariability %%as not a reflection ot'dilerences
in red cell membrane permeability or intracellular transport of'lk;DNA Ihe ersthroc~tic en/\rmes.
catalase. superoside dismlutase. glutathione peroxiclase, 6-phosphogluconate dch~drogenasc. gin-
cost -0-phosphate dehsdrogenase. methemoglohi n reductase. and gI utathione-S-t ransferase. were
assa~ed h% adaptation of existing methods to a centrifugal analtzer. 'The ab)~c ent~mes were
rernosed from hemoglobin deri'.ed fromn eachi species and the order of susceptibilit\ to PGDN-
induced niethemoglobin formation remained essenitially thle same wkith dog > guinea pig > human

rat. I loweser. the net rate of P(;DN-nwdiated oxidation oflhemoglobin to methemoglohin
increased in purified hemoglobin preparations from eachi species. t hese results demonstrate that
there is spewcies \ariability in the net rate of PGI)N-mediated mnethemoglobin foirmation. 'Total
enis me actvyit\ in er\throcstes ma% contribute to reduction in the net rate of methemoglobin
fornmation. lloweser. the primar% determinant of the net rate ofmnethemoglobin flormation induced
b,* P(;DN appears to be the structure of each hemoglobin molecule. 1 1108 Academic Pre%%. Inc.

Plrop~lene glkcol dinitrate (PGI)N. 1.2-pro- of the Naval torpedo propellant. Otto Fuel 11.
panedMIo dinitrate) is the primarv component Symptoms of' PGDN intoxication, including

vasodilation. hypotension, headache, and
I hi% wkork was supported h\ the Natal Medical Re- mnethemoglohiti formation (Jones et al.. 1972-.

search and IDeieloprnent Command. Research T'ask Stewart v/ al., 1 974). are similar to those
* ~~MRti4t220tIM 3. The opinions and assertions contained cuedb otrniaed ser(lisc i.

* herein ire: those of the authors and are not ito be construed 18:Sri !.18:Adre n eI
as oic-ial or reflecting the \ ie\ws of the Na\ \ Depariment 94 icnval,18:AdreadMh,

or the Nasal Sers ice at large. 'The experimentIsconducted 1973: Clark and L.itchfield. 1969: Carmichael
herein wecre perfoirmed according to thle pninciple% set for-th and Lichben. 1963). Acute intoxication of an-
in the current edition of the "Guide for the Care and L'se imnals wvith PGI)N produces methemoglobin-
ol'La~boratorN Animals.Institute oftI aborator\ Animial ei.'

* ~~~Resources. National Rese.arch Council.adthreuanaoiaspooeds
Correspondence should Iv addressed ito John I . %kV m'itccueo eah(lr n

man. L.CIR. MSC. UJSN. AS[)/NMNRIfI 1). Building 43*3. L~itchfield, 1969: Jones oi cii., 1972: Andersenr
*Area B. Wright -Patterson AFB, Ohio 45433. and Mehl, 1973).
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The specific mechanism of the reaction of sible that antioxidants in erythrocytes from
nitrate esters with hemoglobin is quite corn- different species, including amounts of an-
plex and as %et not well understood. Oxidation tioxidant enzymes. may contribute to redue-
of human and rat hemnoglobin by PGDN has tion in the net rate of methemoglobin for-
been attributed to direct interaction of the mation. Also, variations in amounts of glu-
dinitrate with oxyrhernoglobin (Andersen and tathi one-S5-transferase may be important in
Smith. 1973). Other nitrate esters produce releasing nitrite from nitrate esters, subse-

meheogobin b\ cleas age of nitrite fromt the quently atliecting net oxidation rates. Finally.
ester. followed b\ hemoglobin oxidation by species variation in hemoglobin structure may
nitrite (Strein ei ill.. 1984). The reaction of contribute to the variability of PGDN-me-

P~iD ssi hemglobin does release nitrite diated oxidation of hemoglobins
\%ithin the er\thlroc~te (Clark and Litchield. In this study we determined if variability
)909) and] this nitrite mnay further stimulate existed in the net rate of PGiDN-mediated for-
inethemnoglobin formation. Mioreover. deni- rnation of methemoglobin in isolated ervth-
trification of nitrate esters may occur enzv- rocytes from four mammalian species. In ad-
niaticall\ through glutathione-S-translerase or dition. cell-free and partially purified hemo-
nonenis rnaticalls b\ reaction with glutathione globin preparations from each species were
H ieppel and Ililmoc. 1950: Needleman and examined to determine if net rates of methe-
Hunter. 196". Chasseaud ci i!., 1978). Mech- moglobin production varied among species.
anismis POtentiall-s exist for both direct inter- Selected enzymne activities in erythrocytes from
actio)n of Pl( ;lN %\ith hemnoglobin and nitrite each species were also compared in an attempt
oxidation of hemoglobin to produce mecthe- to explain variations observed in PGDN-me-

* moglobin %k.ith this nitrate ester. Once initiated diated hemoglobin oxidation. Enzyme profiles
b\ nitrite, oxidation of hemoglob'n to mnet- plus results with cell-free and partially purified

*hemoglobin proceeds autocatalvtically as a re- hemoglobin preparations were examined to
SUlt of 'superoxide production (Watanabe and determine the relative contribution of enzvmes
OLgata. 198 1: Kosaka aci c., 1979. Misra and and the hemoglobin molecule itself in mainte-
[rido\ ich. 1972: L\ rch ci a!l.. 1976. 1977). nance of oxvhernoglohin upon exposure to

There is iniii-o species vanabilitv in the rate RAW)N
0f rnethernoglobin formiation fol1lowi1ng PGDIN

* ~exposure. \kith dogs and mionkess being nmoreME OS
susceptible than rats or guinea pigs (Jones ci
atl. 1 912). Siilarly. interspecies \ariabilit\-(~ ,

ss as reported for nitrite-I iduced miethemoglo-
bin formation in isolated er\vthrocvtes frorn

- - PGDN wkas graciousIN pros ided by Mr. Robert Sarn-
rats shep.andhumns Calbree U comb. Naval Surface %\'apon% Center. Indian ficad.

1983). Both of the above studies Suggested that Mar, land. u
the observed ditrerences In susceptibilit\ to P1)DN sskas stored as a 10"; solution in ethanol until --

nmethemnoglobin formation mua\ result frmm needed, at Axhich time I to 3 nil ot' PGDN skas separated
s arableactvitis o erxhro~ temetemogo-from ethanol b\ extraction otfethanol in it0 to 30 nil water.

r-he purit\ of' P6DlN isolated in this matter \kas veritied
hin edutas. Idee. huan rxtroctes b\ gas-liquid chromatography emiploying an electron

congenitally impaired by insutlicient methe- cpuedetector (FErk et al.,18)

mioglobin reductase activity often contain el- 'rrish~drox .methIlaminonmethane and l-chloro-2.4-
e\ ated methemoglobin amounts (Scott. 1960). dinitroben/ene were purchased from Aldrich Chemical

factrs thertha toal mtheogloin e- orpan\. sodium citrate w,.as obtained from J. T. Baker.
and disodiurn eths kenediaminetetraacetate ([DIT~j\ was -

ducaseenzme ctiityin rvtroetesmay from Fisher Scientific. j1-1iGlucose 6-phosphate. jl-NAD).
also contribute to observed species variability 0-NADP%. ilNADPH. cQsteine. glutathione reductase.

* in net rates of hemoglobin oxidation. It is pos- glyc~lglscine. maleimide. phosphoglucoriic acid, pyrogal-
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lol. and sodium azide were purchased from Sigma Chem- terial was removed by centrifugation at 30,O00g max for
ical Company. All other chemicals used in this study were 10 min. Resultant supernatant fractions were dialyzed
of reagent-grade quality, overnight against distilled water.

Blood Collection In I'iro Incubations

* Fresh blood was obtained from Fisher 344 rats and Erythrocytes, hemolysates, and partially purified he-
Haa-tley guinea pigs by cardiac puncture, under ether moglobin preparations were i',cubated in polypropylene
anesthesia, and from the jugular veins of beagle dogs. All tubes at 37°C in a shaking a ter bath. The hemoglobin
animals were housed in cages with water and laboratory concentration for all incub ns was approximately 775
chow provided ad lihitin. Human blood was collected Loncetat olle ns as me7
from brachial veins of volunteers within our laborator.of PGDN were mea-

sured gravimetrically (d ;6 g/ml at 20'C) and addedT he anticoagulant used in all collections was citrate-phos- neat (10 mM) or in dilutio: thanol (3, 1, and 0.3 mM),
phate-dextrose (Lee and Henry, 1979). with control preparations , ing ethanol only. Samples

(0.2 ml)were removed fron throcyte-PGDN mixtures

l-rthroycvie Iolation and ih'mler hhin Preparation at specified times during th, hr incubations and lysed
in 0.8-ml volumes of I mM iosphate buffer (pH 7.8).

Ernthroc:tes were separated from plasma by centrifu- From these hemolysates and I. m" partially purified he-
gation and washed three times in [Dulbcco's phosphate- moglobin solutions. 0.3-ml aliquots -ere removed, diluted

buttered saline (Dulbecco and Vogt. 1954) or physiological in 0.4 ml of 50 mM phosphate buffer (pH 6.6). and assayed

saline. Hemolvsates were prepared by l sing red cells in for methemoglobin as described below.

an equal volume of I mm phosphate buffer (pHt 7.8).
('r-stallization of hemoglobin solutions was prevented by
adjusting the p!H to 7.8 (dog. guinea pig, and human) or .lnalttil Methods
8.5 (rat). Red cell stroma was remoed by centrifugation
at 30. ),g max for 30 min. Spectrophotometric assays, with the exception of the

Partial purification of dog. guinea pig. and human he- catalase enzyme assay, employed a Cobas-Bio centrifugal
moglobins was accomplished by ion-exchange chroma- analyzer (Roche Analytical Instruments, Inc.). Assays were
tographN with carboxymethyl cellulose cation exchange adapted to the centrifugal analyzer from previously re-
resin. Whatman CM 52 (Lsnch el al.. 1977). Stroma-free ported methods. Unless otherwise stated, reagents were
hemoglobin solutions were dialyzed overnight against 2 prepared in distilled water and concentrations listed rep-
liters of distilled water. The dialysate (approximately 20 resent the final concentration in the reaction cuvette. The
to 40 ml was diluted to 500 ml with 5 mm phosphate specific program parameters employed are listed in Table
buffer (pH 6.81 and added to a column containing CM 52 I. The concentration of hemoglobin in samples assayed
resin which had been equilibrated with the same phosphate for enzymatic activity was initially about 50 mg/ml. Th-e
buffer (bed volume approximately 75 to 125 ml). Under specific dilutions prepared for each assay are described
these conditions the hemoglobin readily bound to the resin below.
with only small amounts eluting off the column. The col- Ilemoglohin and methemoglobin. The concentration of
umn was developed overnight with 5 mm phosphate buffer hemoglobin in whole-cell preparations, in hemolysates,
to ensure a clear column effluent after which hemoglobins and in partially purified hemoglobin solutions was deter-
were eluted from the resin with I M phosphate but|er (pH mined with Drabkins reagent (van Kampen and Zijistra,
6.8). The hemoglobin effluent was collected, the pH ad- 196 1). Prior to assay washed whole-cell preparations were
justed to 7.8 with I N NaOH, and the solution concentrated lysed by osmotic shock by diluting 0. 1 ml red cells with
by ultrafiltration using an Amicon stirred cell concentrator 0.9 ml I mm phosphate buffer (pH 7.8).
with a PM 30 membrane filter. Methemoglobin was determined by modifying the t

Rat hemoglobin crstallized at neutral pit. presenting method of Evelyn and Malloy (1938) to permit use of the
purification of this hemoglobin by the method emplo.ed centrifugal analyzer. The optical density (630 nm) of he-
ftr the other species. Therefore. 30O,(XX max supernatant moglobin solutions was measured with four separate re-
fractions from rat hemol.ates %ere adjusted to pH 7 to agents. All reagents (total volume 10 ml) contained 9.375
allow cnstallization. Solutions were stored in an ice bath ml 0. 1 M phosphate buffer (pH 6.6): reagents I and 3 con-

for approximatel. 2 hr. after which crsstals were collected tained 0.625 ml distilled water, while reagents 2 and 4-h ntn rcinws contained 0.625 ml 0.4 MKF(N ial,06 ml-
b% centrifugation at 5(X)g The supernatant fraction was. Finally, 0.61 mmol
decanted, and the crsstalline pellet was resuspended and KCN was dissolved in reagents 3 and 4. Total hemoglobin
washed in an equal solume of distilled water (three rep- concentrations were adjusted to about 0.5 Mm with 50 mM
etitions). Crystals of rat hemoglobin were dissolved by ad- phosphate (pH 6.6) or I mm phosphate (pH 7.8) for rat,
justing the pH to 9.3 with I N NaOH. and insoluble ma- and analysis was performed with each reagent by the pro-

--------------
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gram parameters listed in Table I. The percentage of met- from rat. NADH (0.2 mm) prepared in I mm phosphate ~
hemoglobin was calculated by buffer (pH1 7.8) was used as the starter reagent. The assay

was adapted from the method of Hagesh el al. (1968).

'~ etlb 10 OD2 - OD:] StahislicaI Anal'sis

where mctl lb methemoglohin and OD -- optical density.
The et ercntae ofmetemolohn timedb) GDN Amounts of PGDN-induced methemoglobin formation

-' oxidation of hemoglobin was calculated by subtracting thce neyhoye.hmlstsadprilyprfe e
in cntrl (thaol-reaed) moglobins from different species were evaluated for sig-

percebntaeo mthm of GNtdhmglobins nificant differences by two- and three-factorial multivariate
hemolobn fom hatof GDN-reaed emolobns. repeated- measure designs (Dixon, 1983-. Timm. 1975). The

( lasta iiv~ Catalase was determined bN existin
methds Bees ad Szer 192, Abi,1971).Samleingr factors included species, dose, and type of preparation with

time being the repeated measure. A pairwise Schefle test --diluted with 01 %f phosphate buffer (pH 7.0) so that a..
~0I) frm 1)5 t 0.4) ocurrd i appoxiatel 10 was used to analyze diffe~rences within given significant

see (Beckman I)K2 us-,is spectrophotometer). The di- itrcin
lon ratio for dog %Aas 1: 10. for the rat it '.sas 1:20). and

for guinea pig and human it was 1:30). RESULTS
Super xsidt distnuast, (SO). CuZn SOD) actis itN sas

mecasured emploxing a moditied pvrogallol autoxidation In ivir( comparison of the relative rates of'
methodi ((ras et al. 1995). PGDN-induced methemoglobin formation in

(iltita'thiodae Samples "eediluted in an intact ervthrocvtcs frmdg una irt
equal ,olumc of 0.1 IS i phosphate butfer (phi 7.0) con- and human demonstrated interspecies differ-
taining Ll)IA (0.1 %1 final concentration). Hemoglobin

oxiizd t mihmogobn ~ adig 4patsl~rbkns ences (Fig. 1). At a concentration of 10 mM
reagent about 10) mmi prior to be-ginning the ass.a\. 1 hie PODIN thc amount of' methemnoglobin for-
reagent ix~ture consisted of 51) min phosphate buffer. 5 mation in dog erythrocytes was significantly
mki 1:1)1 \p ()1 , Al 3.7 ims sodium aide. S insi reduced higher (1p < 0.05) than that of' human eryth-
gluuathione (prepared in 50 mMi phosphate buticr. pi 17.0).

I ell glutathione reductase. and 0.28 ims NADPII fu rocytes after I hr incubation. After 2 hr, dog
drogen pe~roxide (70) A 5I) smas used-o to start the recin methemoglobinwasinfc tlhgerhn
i Paglia and Valentine. I 967).

,/iaiui',,-Vir~iha~'Sample% 'mere diluted in equal
100

%olumes,, of' I is phosphate buffer (p11 7.'5). "1he reagent
misture consisted olt(125 mMi l-chloro-2.4-dinitroben/ene
( prepared in ethanol) and 01.1 Ni phosphate hullkr(pil 6.25?.DO
Redukcd dIutathione \&as. added to start the reaction WCar- so80 GUINEA PIG

magnol ct a! 1 98 1 .I
Wut-, r~pu d/i drogepiuse Samrples prepared

from dlog. guinea pig, and human hemol'.sates \%ere diluted ILT
G o--

% stth equal solumecs of 10) mm Tris butter (p11 75 ). Rat - I
hernol%. ates "~ere diluted with 4 \ol (fit 10s mmiris (pil raHUA

5I 1 n/,m actisn it%'as assased utilizing the method ot 0

KLx hniar andi Moss (1976). with a reagent mixture11 comn- 040-
pioed oi40.1 %1 Irishuter (p11 7.5), 1I) nl~ Mg(1- 61 10. ~7 ,

o(.2 N .\[P. ().7 mms 3-t-glucose 6-phosphate. and 4 X
F is Maieimlic. . -

S20 /
~. 'ii ~pj~ Jj~'Plit dehdroiwta w Diluted samples /

prepared for the glucose-6-phosphate deh'.drogenase assa'.s
Acre useAd I ir this determination. I-he assa\ used a reaction-
mixture cotmposed of 50 mx, gl~cdlglxcine buffer (pi 18.6). 0

20)1i1%1 \ig(,I.. 2 mins phosphogluconic acid. 6.5 mins css- 0 1 2 3 4

Wcine, and I i mins \,\[)P (King. 197 1).
~iftthlp eol bin rt-da ,aw 'I he dilution ratio for %am- I t .. I . l( I N-induced inetheinoglohin formation in

pies. with I tnst phosphate butler (p11 7.8). \%as L:5 fbor ersthroestes from ditlerent species. Concentration of
dog. 1. 10 for rat and human, and I1:20) for guin'- pig. J1 he PGI)N 10 mm. Values represent the .~±standard de-
reagent mixture for this a%%a\ consisted ot 0.54 mMi I[TA viation. and indisidual data points for each time period
(di-*odiuin salt). 5 imm sodium citrate (trisodiuin salt). 0. 10 are ofiset for purposes of prestiation. See Methods for
mm KFt(('N), and 3 5 pmi diaphorase-free hemoglobin specific details about erythrocyte preparations.
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for hemoglobin of all other species. At 3 hr. 100-

methemoglobin content of guinea pig was -

similar to that of dog and different from that DOG

of human and rat. Methemoglobin quantities Z "-" "
in rat ervthrocvtes were significantly higher t GUt .P1GUINEA mo " '.+'
than human after 4 hr (p < 0.001) but re- 0 -
mained below that observed for dog and z
guinea pig. Under these experimental condi- 0 -
tions, the net rate of PGDN-induced methe- (d -.,AT

moglobin formation was dog > guinea pig a HUMAN

> rat > human. The relatively high amount ]

of methemoglobin formation in dogs has been 20- .".
previously reported in vivo, following chronic .--
inhalation of PGDN vapors (Jones et al., ' " -
1972). 0-

The net rate of methemoglobin formation 0 1 2 3 4
TIME (HRS)

was compared in stroma-free hemolysates to
evaluate whether differences in oxidation of FiG. 2. PGDN-induced methemoglobin formation in

stroma-free hemolysates from different species. Concen- , -hemoglobins might be attributable to differ- tration of PGDN = 3 mm. Values represent the i± stan- i-

tnces in the membrane permeability of various dard deviation, and individual data points for each time
red cells to PGDN. Figure 2 shows methe- period are offset for purposes of presentation. See Methods
moglobin formation as a function of time for for specific details regarding preparation of hemolysates.

hemolysates (30,000g supernatant fractions
prepared from erythrocytes from each species). tration of PGDN employed. Human hemo- .
The concentration of PGDN tested with 775 globin was the least susceptible to oxidat on
Mm hemoglobin was 3 mm. Significant differ- by PGDN when the dose was increased.

ences among species were observed at different Table 2 lists the enzyme activity determined
times during the incubation. Thirty minutes for erythrocytes from each of the four species.
after the addition of PGDN. the net amounts Species with high methemoglobin reductase
of methemoglobin was significantly higher in activity are not consequently better protected
dog and guinea pig as compared to that of hu- against hemoglobin oxidation by PGDN
man and rat hernolysates. Differences between (Jones et a!., 1972). Methemoglobin reductase
the amounts of methemoglobin formed for activity is three times higher in guinea pig
human and rat heinolysates were statistically erythrocytes compared to that of human and
significant after 3 hr, while differences between rat, although the latter were significantly less
dog and guinea pig were significant after 4 hr susceptible to methemoglobin formation (Figs.
incubation. Thus, after 4 hr net methemoglo- 1 and 2). Second, glutathione-S-transferase
bin formation was significantly different in activity in dog and guinea pig erythrocytes is
hemolysates prepared from each species with lower than that determined for rat and human.
dog > guinea pig > rat > human. The order Also, rat erythrocytes possess a more active
of susceptibility to methemoglobin formation complement of antioxidant enzymes, includ- '
observed with intact erythrocytes was main- ing glutathione peroxidase, glucose-6-phos-
tained in hemolysate preparations. phate dehydrogenase, 6-phosphogluconate

Methemoglobin formation in hemolysates dehydrogenase, and superoxide dismutase, as
from each species was a function of PGDN compared with other species. These results
concentration (Fig. 3). Significant differences suggest that rat erythrocytes may be better
among species at specific times during an in- protected against the oxidation of hemoglobin
cubation were dependent upon the concen- to methemoglobin. The lack of measurable
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100 DOG 100 GUINEA PIG

W 3.0mM U8
80 80

CL CL i3.0mMA
Z 60 Z 60"

F0 1.0mM W
- 0 0,-

-- E, .J-- - A

40 1 a404
0 0 T.I1() M

LU L
2 20 0.3mM -0.r20

I-

TI.E (80- 0 4

0 1 2 3 4 0 1 3 4

TIME HRS)TIME MHRS)

100 RT 100HUMAN

, Z
_ zULU LU

U 80 (080

a. a_.
60- Z 60

0 -,3.0mM 0
_j j ,
0 40 040

0 0 3.0mM
LU LU

Z20 X 20 10*
I- 1.0mM

-- 0.3mM 0:-~-- .m
00

0 1 2 4 0 1 4"

TIME (HRS) TIME (HRS)

Fl(i. 3. Formation of methemoglobin in stroma-free hemolysates from different species at varying PGDN
concentrations. Values represent the i ± standard deviation, and individual data points for each time period
are ofttkt for purposes of presentation. See Methods for specific details.

catalase activity in dog erythrocytes is consis- allosterically affect stability within erythro-
tent with this suggestion. In conflict with this cytes. Removal of these compounds may have
suggestion is the finding that the antioxidant influenced the extent of oxidation of individ-
enzyme profile of human erythrocytes resem- ual hemoglobin molecules. The amount of
bles that of the guinea pig. even though human methemoglobin formation in these partially
hemoglobin preparations are relatively resis- purified hemoglobin preparations appears el-
rant to oxidation by PGDN. evated for all species, compared to that ob- 7.

Ns,%as of the rate of oxidation of partially served for hemolysates (Fig. 4). Differences
purified hemoglobin solutions from each spe- were statistically significant only for dog and
cies wkere performed with I mM PGDN to de- guinea pig. Therefore, those species most sus-
termine the effect of absence of these enzymes ceptible to PGDN-induced methemoglobin
on methemoglobin formation. There was no formation appear to be afforded the greatest
detectable enzyme activity in hemoglobin degree of protection by their erythrocytic en-
preparations prepared by column chromatog- 7vme complement. Also, the order of suscep-
raphy as described above. In addition to the tibility observed in hemolysates, as well as
removal of enzymes. partial purification of whole cells, is not altered by the removal of
hemoglobin eliminated small molecules which erythrocytic enzymes.
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TABLF 2

CON1PARATIviE E\NYME ACIIVITY IN ERYTHROCYTES FROM DIFFERENT SPFCIES 0

Animal species

Dog Guinea pig Human Rat
Enz-,me (n 8)' (n 7) (n=8) (n 6)

NMethernoglobin reductase
,umol,,min/g Hb') 2.18 ± 08d15.5 ±1.88 4.66 ±1.29 3.59 t 0.90 C

(Aumo/min/mg IbN 0.73 ± 0.24 2.57 ±0.83 3.88 ±1.28 3.86 ± 1.32
('atalase

I gnollimin/mg Hb) NUC 133 ±40 188 ±31 121 ±33

Superoxide dismutase
(unitimg fib) 2.39 ±0.44 1.66 ±0.41 1.90 ±0.34 3.98 ±0.31

(;lutathione peroxidase
(pmrol,/ming lHb) 104 ±20 66 ±16 18 ±9 606 ±182

6- Phosphogluconate

deh~drogenase (pumol/
mininmg lib) 2.64 0.62 3.07 ±0.51 3.85 ±0.29 5.25 ±3.02

I lucose-O-phosph ate
dehxdrogenase pmmol, fr

mm/mgm 1-1b) 5.31 t 0.99 5.42 ±1.04 5.46 ±1.54 19.1 ±6.45

*V*witj for enz\mes (except catalasei was determined with a Cobas-Bio centrifugal analyzer (Roche Analytical
Instrumcntsi. Catalase acti' it\ \kas determined at 240 nin in a Beckman DK-2 spectrophotometer.

11 number of determ inations.I lib hemoglobin
'~Values represent the :t~ standard deviation.
ND) not detected.

DISCUSSION tors responsible lor varied susceptibility to
methemoglobin formation are primarily at-

PGDN reacts with oxyhemoglobin in so-. tributed to factors associated with the eryth-

lution. resulting in oxidation of the molecule rocyte. In partially purified hemoglobin so-
*to methemoglobin. The rate of methemoglo- lutions. stroma-free hemolysates. and eryth-

bin formation in hemoglobin solutions upon rocytes, the net rate of PGDN-mediated
addition of PGDN reflects a direct interaction methemoglobin formation follows the se-
NA-th oxyhemoglobin, oxidation of hemoglobin quence dog > guinea pig > rat >, human.
by nitrite released from PGDN, and autocat- Thus, effects of variation in erythrocyte mem-
alytic oxidations due to active oxygen. These brane permeability to PGDN among species

F reactions collectively produce the methemo- does not account for varied susceptibility to
globin ohser-ved upon addition of PGDN. En- methemoglobin formation. The observed de-
zyimatic cleavage b\ glutathione-S5-transferase crease in net amounts of methemoglobin
of PGDN with release of nitrite is not required formed in dog and guinea pig stroma-free
to initiate methemoglobin formation in he- hemolysates compared to partially purified
moglobin preparations. hemoglobin solutions probably reflects the 7

Interspecies \ariability, in PGDN-mediated contribution of enzymes and/or small molec-
methemoglobin formation has previously been ular weight allosteric affectors present in the
reported in viV (Jones et al.. 1972). The varn- latter preparations. Although there was a sim-
ability among species in tr, demonstrated liar. slight decrease in methemoglobin for-
in the present investigation. indicates that fac- mation in human and rat stroma-free hemo-
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JO .emcdetadls.

IN ,ales compared to hemoglobin solutions, the somewhat analogous to observations with ab-
U decreasc vsas not statistically significant. Thus, normal human hemoglobins of the M and S

the contribution of antioxidant enzvmes in types, which, because of congenital alterations
human and rat stroma-free hemolvsates does in the amino acid sequence of globin chains,
not appear to alter net methemoglobin for- are more labile to oxidation. The results of
mation substantially. :-en though the rat this study' point out the need for careful selec-
er-xthrocvte is comparatively well-equipped to tion of an animal model when studying toxi-
handle oxidant stress. However, incubation cant-induced oxidation of hemoglobin. As-
mixtures %%ere not fortified with excess reduc- sumning nitrate esters, in general, behave like
tants and cof'actors which, upon depletion PGDN, the animal model most closely resem-
from the reaction mixtures. max' have limited bling man is rat.
the antioxidant enzyme activity. Further
studies are required to outline contributions
of specific enzymes, as well as allosteric sta- ACKNOWLEDGMENTS
biliuers. to maintenance of oxx'hemoglobin
amounts in erx.throcvtes. The authors gratefully acknowledge the excellent tech-

The primary determinant of the relative nical assistance of W. Burns, L. Gilbert, and J. Lawson.
suscptiilit ofdiffren speiesto PDN- The assistance of D. Paquette and S. Young of the Vet-

erinars Sciences D~ivision and the clerical assistance of P.induced hemoglobin oxidation appears to be GergelN. "Toxic Hazards Div.ision, Air Force Aerospace
the molecular structure of each hemoglobin. Medical Research La boratory. Wright-Patterson AFB, are
Maintenance ot the order of susceptibility to greatly appreciated.
methemoglobin formation in each type of
preparation. erythrocyte, stroma-free herno-
lxsate. and enz-yme-free hemoglobins, lends REFERENCES

ir support to specific hemoglobin structure con-
trolling PGDN-mediated oxidation rates. Dii- Aui:BI If. (197 1). Catalase. In .llcihoib in I.' n:uw i-m nal
ferences in hemoglobin structure reflect dif- vs.s' (0L U. Bergmeyer. ed.), Vol. 2. pp. 673-684. Ac-
ferences in globin chains of the molecule since admcresNwYok

AIIRSLN, M. E.. AND MrtsL, R. GI. (1973), A comparisonheme moieties are identical. That structural of the toxicology of trieths lene glycol di nitrate and pro-
differences among animal hemoglobins result p~lene glxcol dinitrate.Amer Ind img. JIv~.. 34,
in different susceptibilities to oxidation is 526-532.



212 WY MA N F-I" Al.
A

ANtI RSE N M. F.. AND) Sstim. R. A. ( 197.3. On the Toxicitv of propylene gI~col I .2-dinitrate in expeni-
mechanism of oxidation of human and rat hemoglobin mental animals. Toxiud. App!. Pharmacol. 22, 128-137.
bN proplenc gl,,col dinitrate. Biochen l1hurinaco/. 22. KACHMAR. J. F., AND Moss. D. W. (1976). Enzymes. In
32,47 -,26 I Fundamentals of ( lirnial C heinisqr v (N. W. Iietz. ed.).

Hi I RS. R. F-.. -\NDo SIZUR. 1. "W. (1952). A spectrophoto- pp. 666-672. Saunders, Philadelphia.
metric method for measuring the breakdown of hvdro- KING. J. (1971). 6-Phosphogluconate dlehydrogenase. In
gen peroxide b,. catalase. J Ru'! (hem. 195, 133-140. Aiehod 1En:nnmalicAnal vi v(H. U. Bergmeyer. ed.).

('AIABRLSt. F-. J.. MOORE. Gi. S.. AND MCCARTHY. M. Vol. 2. pp. 632-635. Academic Press. New York.
S, f1983). The effect of ascorbic acid oil nitrite-induced KOSAKA. H.. IMAIZUMI, K.. IMAI, K.. AND TNYuMA. 1.

methemoglobin formation in rats, sheep. and normal (1979). Stoicheometrofthe reaction ofoxyhemoglohin
human ervhrocvte%. Re~'ii I vaud. P/iarmaudl 3, 184- with nitrite. Biowhirn. Bioph 'vs. a 581, 184-188. A
IlIS I Lim.F C. L.. AND HENRY. J. B. (1979). Immunohematology.

(xAR%1.(,No)i F.. SINT,~i P-NI.. RAmI. J.. AND) HENRI. J. blood banking, and hemotherapy. In Cl/inical/Diagnois
i I4S1). (ilutathione-S-transferases of human red blood and Aanagemneni hby Laborator ' iMethodv 0. B. Henrv,
cells-Nssy. )'alues in normal subjects and in two ed.), 16th ed.. chap. 43, pp. 1465-1466. Saunders, Phil-
pathological circumstances: H'. perbilirubinemia and adeiphia.
impaired renal function. (1n0 Chem Acta 117, 209- 1 NCH. R. E., LEE. G. R., AND CARTWRIGjHT. G. E.
21., (1976). Inhibition by superoxide dismutase of methe-

(ARi [I- I, P.. Axt) iEBEN. J. (1963). Sudden death moglobin formation from oxyhemoglobin. . i-il.
in e'.plosi'. Aorker-,. [ 1f.-) .jrd h nviron. Hecalth 7, (hem. 251, 1015-1019.

M)-t.5. LYNCH. R. E., THOMAS. J. F.. AND LE. G. R. (1977).
( 11s \'.1t), 1 . F:.. D~WN. W. H_. XNt) SA(HARIN. R, M. Inhibition of methemoglobin formation from purified

11)7S)F I flet of repeated oral administration of isosor- oxvrhemoglobin by superoxide dismutase. Biochemnistrv
bide dinitrate on hepatic glutathione-.V-transf-erase ac- 16.,4563-4567.
ti'. it\ in the rat. liho m Iu Phl'irntaud. 27, 109S-1697. MISRA. H. P.. ANt) FRIDoviC-H. 1. ( 1972). The generation

('I xRK. I) Gi , ANt) 1-1i(HHt.U.[ M. [I. ( 1969). The tox of superoxide radical during the autoxidation of he-
wit'. metabolism, and pharmacologic properties of moglobin. J. Biol. ('hem. 247, 6900-6962.
prop\)ene gl~col I.2-dinitrate in experimental animals. NELMN ADHNE.F .(95.Tetas
lo'.i.oh 11)pi 'hiartnacol 22. 128-137. formation of gl~cer)I trinitrate and other nitrates by

[)i\N. W J.ied. (193).IBID .S~i'.ua/ Sidtare glutathione organic nitrate reductase. MoIl. Pharmnacol.
%Ili'ua1 I ni\.. of~alifornia Press, Berkele\.1,7-6

I~i 1 iu o R. AN \(~t.M. 195). laqe frmaion PAGLIA. D. E., AND VALENTINE. W. N. (1967). Studies
and isolation of pure lines with poliom'.elitis viruses. J.~ on the quantitative and qualitative characterization of

1 pft-j 98.1(,7-82rmthrocyte glutathione peroxidase. . Lab. C/in. Med.
Ji~p cd 9. l6-l8.70, 158-169.

Ii Iis5. t1. V.. I'loN. C. B.. 1. C. C.. 1).'.RI. J. C., AND) Sot .M 16) h eainodahaeo ua
('11 NNi)N. i. P. ( 191<4). Subacute and chronic toxicit'. S' -,F .(90.Terlto fdahaeo ua

'tudies of trinitrogl'.erine in dogs, rats, and mice. P n erythrocytes to inheritance of methemoglobinemnia. J.
IpplI 'sot 4 248260.(/n. inveSt. 39, 1176-1179.dan pp l~iol4,4826.STLWART, R. D., PETERSON, J. E.. NEWTON. P. E.. HAKE. AEIRK. S D).. JARB01. C. H.. Nit WION. P. F-. ANt) Put ED- C .. HSO .J.LBUA . N ATN

ot L--r opR an.198). la chnroati bodphi detromation~ G. N1. (1974). Experimental human exposure to pro-
240. 1- r p n d o di ir t in bl od J2 (h1.i g plene glycol dinitrate. Tohicol...lpp. Pharinacol. 30,

240. I-123.377-395.
Is It I NN K. A_. AND) Nrlm I ON, [. T. ( 1938). Microdeter- STREIN. K.. BARTSCH, W., SR)NER, G., MULLER-BECK-

mination of ox'.hac moglobin. methaemoglobin. and MAN, . AND LEXA. P. (1984). Differences in the nitrite
sulfhaemnoglobin in a single sample of blood. .. Bi ion formation and the toxicological findings between

heim? 126, 65i-662. isosorbide dinitrate and isosorbide-5-mononitrate.
(IRAN. BH_ H.. t-. L.. H_. ANt) WYMAN. J. F. (198s). An TO~vo. App!. Pharmnacol. 72, 142-147.

automated analssis for superoxide dismutase enl\sme TIimm, N. H. (1975). ifultivariate Analt-sis with Applica-
actis it\.1 J lntif 1' 9. 36-39. tions in Edut ation and vschology. Brooks/Cole. Mon-

fHA(,iFstl. F-.. CAt MONOVI(I. N.. ANt) AVRON. N1. (1968). tere , Calif.
Ne'.A method for determining ferrihemoglobin reductase VAN KAmPIN, L. J., AND ZIJLSTRA. W. G. (1961). Stan-
NM)H-methemoglobin reductase) in erv.throe'.es. .1 dardization of hemoglohinometrv. 11. The hemiglobin-
lab (71n ited 72, 339-344. c,,ande method. (iin (hen Acia 6, 538-545.

I Iept I. I v. ND ii -)II mot. R. J. ( 195 0). Mletabolism WATANABL, S., AND OGATA. NM. (198 1). Generation of
of inorganic: nitrite and nitrate esters. .1 Rio!, Chemn superoxide and hydrogen peroxide during interaction
183. 129-138. of nitrite with human hemoglobin. ca Med (Jkavata


